Borna disease virus (BDV) causes central nervous system (CNS) disease in several vertebrate species that is manifested by behavioral abnormalities and diverse pathology (41) . BDV has been molecularly characterized as a nonsegmented, negative-strand RNA virus. Based on its unique genetic and biological features, BDV is the prototypic member of a new family, Bornaviridae, within the order Mononegavirales (11, 44) .
Horses and sheep have been regarded as the main natural hosts of BDV (41) . In these species BDV can cause Borna disease (BD), an often fatal immune system-mediated neurologic disease. Evidence, however, indicates that the natural host range of BDV is wider than originally thought (8, 21, 30, 31, 40, 41, 49, 50) . Moreover, asymptomatic naturally infected animals of different species have been documented worldwide, suggesting that the prevalence and geographic distribution of BDV may have been underestimated (2, 19-21, 34, 40, 41) . Experimentally, BDV has a wide host range from birds to rodents and nonhuman primates (21, 40, 41) . The age, immune status, and genetics of the host, as well as viral factors, significantly influence the course of BDV infection (21, 40, 41) . Heightened viral gene expression in limbic system structures, together with astrocytosis and neuronal structural alterations within the hippocampus, are histopathological hallmarks of BDV infection (15, 16) . Inflammatory cells are frequently, but not necessarily, seen in the brains of BDV-infected animals.
Seroepidemiological studies have consistently shown an increased BDV seroprevalence in neuropsychiatric patients (4, 15, 21, 29, 40) . Moreover, higher BDV RNA prevalences have been documented in peripheral blood mononuclear cells of neuropsychiatric patients (10 to 50% of patients) than of healthy blood donors (0 to 4.6% of donors) (6, 27, 28, 37, 43) . BDV antigen and RNA have also been detected in human brain samples collected at autopsy from individuals with a history of mental disorders (12, 17, 42) , as well as in clinical samples of grade 4 glioblastomas (36) and from brain tissue of some apparently healthy controls (18) . These findings together indicate that BDV can infect humans and persist in the CNS and that it is possibly associated with certain mental disorders. BDV has been isolated from peripheral blood mononuclear cells (three cases) (5) and from granulocytes (one case) (39), but not from brain tissue, of psychiatric patients. However, BDV has not been implicated as a human pathogen yet.
Here we document for the first time the isolation of BDV from human brain. BDV was isolated from brain tissue collected at autopsy from a BDV-seropositive schizophrenic patient referred to as P2. Histopathological examination revealed mild inflammatory changes in the hippocampus of this patient. BDV RNA and antigen were detected in brain tissue from patient P2 and exhibited a regionally localized distribution. BDV was isolated by intracranial inoculation of newborn gerbils with brain homogenates from patient P2 and subsequent inoculation of OL cells with homogenates from BDV-positive gerbil brain tissues. We also succeeded in isolating BDV by transfecting Vero cells with ribonucleoprotein (RNP) complexes prepared from brain tissue of P2 or from gerbil brain found to be BDV positive upon inoculation with brain tissue from P2. Sequence analysis showed a high degree of sequence conservation between this human brain isolate of BDV (BDVHuP2br) and previously reported human-and animal-derived BDV sequences (2, 7, 10, 40) . Nevertheless, based on its unique nucleotide substitutions, BDVHuP2br was found to be genetically distinct from previously reported partial humanand animal-derived BDV sequences.
MATERIALS AND METHODS
Patients. Brain tissue samples collected at autopsy from four Japanese schizophrenic patients (P1 to P4) and two Japanese healthy control individuals (H1 and H2) were used in these studies (Table 1) . Informed consent was obtained from the subjects' relatives. Information obtained from clinical records and interviews with subjects' relatives indicated that control individuals H1 and H2 were free of any history of psychiatric disorders. Patients P1, P3, and P4 were diagnosed with schizophrenia without having depressive episodes but did have other symptoms including auditory hallucinations and delusion. P2 was originally diagnosed with schizophrenia including symptoms of hallucination and delusion. About 6 months after the initial diagnosis, P2 was admitted to the Kagawa Medical College Hospital and remained hospitalized for more than one year. P2 was not an intravenous drug abuser and did not have a history of using cardiotoxic drugs. During hospitalization, P2 developed mild symptoms of diabetes that were corrected by diet changes and did not require medication. P2 was treated with the neuroleptic haroperidol (0.2 g/kg/day [body weight, 70 kg]). P2 gradually developed depression, anxiety, and general fatigue. His mental condition alternated between periods of acute psychosis with hallucinations and delusions and periods of depression. Diagnostic classification was made according to DMS-III R criteria, American Psychiatry Association. Additional clinical information about these cases is summarized in Table 1 . None of the patients or control cases owned cats or horses.
Tissue collection and preparation. Autopsies were performed within 8 to 12 h of death. Brain tissue from each individual was dissected into olfactory bulb, cerebral cortex (frontal, temporal, and occipital lobes), hippocampus, fornix, hypophysis, cingulate gyrus, lateral ventricle (medial wall), pons, cerebellum, and medulla oblongata. Fixed tissue in 3% paraformaldehyde-phosphate-buffered saline and unfixed frozen tissue was prepared for each individual. For histopathological examination, paraffin-embedded sections of fixed tissue were sectioned at 4 m and stained with hematoxylin-eosin. Blood and cerebrospinal fluid (CSF) samples were obtained from each individual via syringe from the heart and spinal column, respectively, 6 to 8 h postmortem. Cells and fluid phase were separated by centrifugation. Plasma, CSF, and the pellet containing total blood cells were stored at Ϫ20°C.
Detection of BDV-specific antibodies. Plasma and CSF antibodies to BDV were detected by Western blot analysis as described previously (2) . BDV recombinant antigens corresponding to the viral full-length nucleoprotein (NP) (p40) and phosphoprotein (P) (p24) from BDV He80 (10, 23) were expressed as fusion proteins with the glutathione S-transferase (GST) protein (2, 37) . GST alone was used as a negative control antigen. GST-p40, GST-p24, and GST recombinant proteins were expressed and purified by using glutathione-Sepharose 4B column chromatography (Pharmacia Biotech AB, Uppsala, Sweden). Rabbit polyclonal sera to BDV p40 and p24, and normal rabbit serum were used as positive and negative control sera, respectively. Protein M r values were estimated by comparing their mobilities to those of marker proteins from a calibration kit (Bio-Rad).
Detection of BDV RNA by RT-PCR. BDV p40 and p24 RNA sequences were detected by reverse transcription (RT)-nested PCR as described previously (28, 43, 46) . Briefly, total RNA was extracted from frozen brain tissue and total blood cells using an RNA isolation kit (ISOGEN; Nippon Gene Co., Tokyo, Japan). RNA (2 g) was reverse transcribed using 200 U of SuperScript II RNaseHminus reverse transcriptase (GIBCO BRL) and random hexamers. First-round PCR was performed using one-quarter of the cDNA product and two sets of primers to amplify BDV p40 and p24 sequences. The primers were nucleotides (nt) 242 to 261 and 511 to 489 for p40 and nt 1387 to 1405 and 1865 to 1847 for p24. Second-round PCR was done using one-fifth of the first-round PCR product and the nested primer pairs nt 259 to 278 and 483 to 464 for p40 and nt 1443 to 1461 and 1834 to 1816 for p24. The nucleotide positions correspond to those in the antigenome polarity of the BDVHe80 RNA (10) . As a control of RNA quality, aliquots of each RNA sample were used to amplify by RT-PCR a 197-bp fragment of the housekeeping cellular mRNA glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primers used to amplify GAPDH sequences and the internal probe used for Southern blot hybridization of GAPDH were based on the human sequences.
Amplification of BDV genomic RNA by RT-PCR was done by priming the RT reaction mixture with a BDV-specific sense primer corresponding to nt 1 to 53 in the BDV genome. This method can amplify a full-length cDNA of BDV (8.9 kb) (45) . Subsequent first and second rounds PCR were performed using the primer pairs for p40 and p24 described above.
PCR products were separated by agarose gel electrophoresis (1.5% agarose). The products were visualized by ethidium bromide staining, blotted onto a nylon membrane (Hybond-H ϩ ; Amersham), and analyzed by Southern blot hybridization with 32 P-labeled probes corresponding to internal sequences of the amplified p40 and p24 PCR products.
To prevent possible contamination of the samples with BDV amplicons and plasmid DNA containing BDV sequences, RNA extractions and cDNA amplifications were done in separated rooms following strict rules of separation between pre-and post-PCR environments.
In situ hybridization. Paraffin-embedded 4-m-thick brain sections were deparaffinized and processed for in situ hybridization (ISH) as described previously (12) . Full-length BDV-p24 digoxigenin-labeled sense and antisense probes were generated by in vitro transcription using T7 RNA polymerase. Hybridization to the RNA probes was detected by using and alkaline phosphatase-labeled anti-digoxigenin polyclonal antibody (Boehringer Mannheim) and nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate as substrates for the alkaline phosphatase reaction. Sections were counterstained with methyl green.
Immunohistochemical (IHC) studies. To detect BDV antigens, formalin-fixed, paraffin-embedded tissue blocks corresponding to the hippocampal region and other brain regions of patient P2 were sectioned at 7 m thick and collected onto slides which had been triple-coated with alum-gelatin. The coated sections were baked at 58°C for 1 h, deparaffinized in Histoclear (National Laboratories, Bridgeport, Conn.), and hydrated. They were then treated for 30 min in 0.3% H 2 O 2 in methanol (100%), washed in Tris-buffered saline (TBS) (pH 7.4), and subjected to blockade of nonspecific sites with 10% normal goat serum. The sections were immunolabeled with a mouse polyclonal serum to BDV essentially as described previously (12) . Briefly, sections were incubated overnight at 4°C with a 1/50 dilution of the mouse serum. Binding of the first antibody was detected with a biotinylated goat anti-mouse immunoglobulin G serum followed by incubation with Avidin D-HRP (ABC ELITE; Vector laboratories, Burlingame, Calif.). The reaction was developed using 40 mg of diaminobenzidine in 100 ml of Tris-HCl (pH 7.4) containing 45 l of 30% H 2 O 2 . Sections from BDV persistently infected and mock-infected control rat brains processed in the same manner were used as positive and negative controls, respectively, for the immunolabeling reaction. In addition, sections were stained with normal mouse serum. In each case, three sections were processed to verify the reproducibility of the staining.
Inoculation of newborn gerbils with brain cell homogenates. Pregnant Mongolian gerbils were purchased from SLC, Shizuoka, Japan. Newborn gerbils were intracerebrally (i.c.) inoculated, within 24 h of birth, with 30 l of brain homogenates from patient P2 or from gerbils. Brain homogenates were prepared in phosphate-buffered saline by repeatedly passing minced brain tissue through 18-, 21-, and 27-gauge needles followed by freezing and thawing.
Rescue of BDV by inoculation of OL cells with brain homogenates. Brain homogenates from patient P2 or from the brain and spinal cord of gerbils previously inoculated with brain material from patient P2 were used to inoculate OL cells which were maintained in tissue culture, being passaged every 5 days. OL is an established human oligodendroglial cell line generated by Y. Iwasaki at the Wistar Institute, Philadelphia, Pa., in the early 1980s. Consistent with their (35) .
Rescue of BDV by transfection of Vero cells with RNP complexes from BDVpositive brain samples. (i) RNP preparation.
Brain homogenates (10%, wt/vol) from hippocampus, cerebellum, cerebral cortex, and pons of patient P2 and from the cerebrum and spinal cord from gerbils were made in phosphate-buffered saline-2% fetal bovine serum by ultrasonication at 0°C followed by repeated passage of the homogenate through a 21-gauge needle. The homogenate was then clarified by centrifugation at 3,000 ϫ g for 10 min at 4°C. Clarified supernatant was adjusted to 0.5% NP-40, incubated for 15 min at 20°C, and then centrifuged through a 20% sucrose cushion containing 0.5% NP-40. A pellet containing the nuclear fraction was resuspended in buffer I (140 mM NaCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl [pH 8.5]), and sodium deoxycholate and Tween 40 were added to final concentrations of 0.4 and 0.8%, respectively. After incubation for 3 min on ice, samples were centrifuged for 5 min at 800 ϫ g at 4°C. Pellets were resuspended in buffer II (100 mM KCl, 5 mM MgCl 2 , 0.5 mM CaCl 2 , 10 mM Tris-HCl [pH 8.5]) and digested with RNase-free DNase and micrococcal nuclease at 100 and 20 g/ml, respectively, for 10 min at 37°C. After addition of EGTA to inactivate the micrococcal nuclease, samples were adjusted to 0.5% NP-40, layered on a discontinuous glycerol gradient (50 to 25% [vol/vol]) containing 150 mM NaCl, 2 mM dithiothreitol, and 10 mM Tris-HCl [pH 8.5] , and centrifuged at 180,000 ϫ g for 120 min at 4°C. The pellet containing RNP was resuspended in buffer HB (10 mM KCl, 1.5 mM MgCl, 5 mM dithiothreitol, 10 mM Tris-HCl [pH 7.5]) containing 40% glycerol and stored at Ϫ80°C. For RNP prepared from BDV-infected rat brain, the presence of genomic RNA (ca. 9 kb) and viral NP (p40) was verified by Northern blot hybridization and Western blot analysis, respectively. A similar biochemical characterization was not feasible for RNP prepared from human brain material obtained at autopsy due to their low levels.
(ii) RNP transfection. The procedures for RNP transfection were similar to those previously described (9) . Briefly, Vero cell monolayers were washed with OptiMem containing 100 g of gelatin per ml (OptiMem-G) and treated for 30 min at room temperature with 300 g of DEAE-dextran per ml (5 ϫ 10 5 Da) and 0.25% dimethyl sulfoxide in OptiMem-G. After being washed once with OptiMem-G, RNP complexes were diluted in OptiMem-G and allowed to adsorb to cells for 60 min at room temperature. Cells were then washed twice with OptiMem-G and left in complete medium. Expression of BDV antigen was monitored by IF using a mouse polyclonal serum to BDV.
Northern blot analysis. Total RNA was extracted from cells using TRI-Reagent (Molecular Research Center, Cincinnati, Ohio) as recommended by the manufacturer. RNA (5 g) was size fractionated by 2.2 M formaldehyde-agarose gel electrophoresis, transferred by capillarity with 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to a MagnaGraph nylon membrane (MSI, Westboro, Mass.), and UV cross-linked. The membrane was hybridized to the indicated probes using Quikhyb (Stratagene, La Jolla, Calif.). DNA probes were labeled with [alpha-32P] dCTP by using random hexamers (Pharmacia LKB). Hybridization proceeded for 3 h at 68°C, and the blot was washed twice at low stringency (68°C in 2ϫ SSC-0.2% sodium dodecyl sulfate) and twice at high stringency (68°C in 0.2ϫ SSC-0.2% sodium dodecyl sulfate). The blot was exposed to a Biomax MR film (Kodak, Rochester, N.Y.).
Sequence analysis of BDV PCR products. RNA extracted from BDV antigenpositive OL cells was reverse transcribed using a BDV-specific sense primer corresponding to nt 1 to 23. cDNAs were amplified by nested PCR using the p40 and p24 primer sets described above. PCR products directly obtained from brain tissue of patient P2 by using a BDV-specific sense primer corresponding to nt 1 to 53 were also included in the sequence analysis. The PCR products were cloned in pUC18 (Pharmacia Biotech AB), and four randomly selected clones of each cloned PCR product were sequenced by following the protocol supplied with the Dye Primer cycle-sequencing kit (Applied Biosystems) using the Ϫ21M13 Dye Primer and the M13 Reverse Dye Primer, in a 373 DNA sequencer. Nucleotide sequences were analyzed using GENETYX-MAC (Software Development Co., Ltd, Tokyo, Japan).
RESULTS
Detection of BDV RNA in brain tissue obtained from P2 at autopsy. Plasma and CSF samples from four patients (P1 to P4) and two healthy control individuals (H1 and H2) ( Table 1) were examined for the presence of BDV-specific antibodies by Western blot analysis using purified recombinant GST-p40 and GST-p24 proteins as target antigens. None of the plasma or CSF samples showed immunoreactivity with the control GST protein. Only P2 was found to be BDV seropositive by this assay. Plasma but not CSF from P2 had antibodies that specifically recognized GST-p24 in a Western blot (Table 1) .
We next wanted to investigate whether there was a correlation between the detection of antibodies to BDV in plasma and the presence of viral RNA in brain tissue and blood. Brain tissue samples from patients and controls were dissected into 12 different regions (Table 2) . Total RNA extracted from each brain region and total blood cells was reverse transcribed using random hexamers as primers, and the cDNAs were subjected to nested PCR using specific primers to amplify fragments of 225 and 392 bp from BDV p40 and p24 genes, respectively. BDV RNA sequences were detected only for P2 (Table 2) . PCR products with the expected size of 392 bp for BDV p24 were obtained with RNA extracted from the hippocampus, pons, and cerebellum but not other brain regions of P2 (Fig. 1) . The specificity of the PCR products was verified by Southern blot hybridization (Fig. 1A panel b) . BDV p40 sequences were detected only in RNA from the temporal lobe of P2 and as a very weak signal after Southern blot hybridization (Fig. 1B) . Olfactory bulb
a RNA isolated from the indicated brain regions was reverse transcribed using random hexamers, and the cDNAs were analyzed by nested PCR to amplify p24 and p40 BDV sequences as described in Materials and Methods. Results for p24 and p40 are indicated on the left and right, respectively, of the slash mark.
b Sections from the indicated brain regions of patients P1 and P2 were analyzed by ISH using antisense and sense p24 and p40 riboprobes as described in Materials and Methods. Results are indicated as described in footnote a.
VOL. 74, 2000 BDV ISOLATION FROM BRAIN OF A SCHIZOPHRENIC PATIENT 4603
A 192-bp fragment of the GAPDH cellular gene could be amplified in all the RNA samples analyzed (Fig. 1C and data  not shown) . PCR products of 225 and 392 bp, corresponding to BDV p24 and p40 sequences, respectively, were amplified from BDV-infected OL cells but not from uninfected control cells (Fig. 1) . Omission of reverse transcriptase in the RT step resulted in the absence of BDV and GAPDH PCR products (data not shown).
Priming of the RT reaction mixture with random hexamers did not allow us to distinguish between amplification of mRNA or genomic viral RNA sequences. To detect BDV genomic RNA in the BDV-positive samples, we performed the RT step using a BDV-specific primer of sense polarity (mRNA) corresponding to nt 1 to 53 in the BDV genome RNA. The corresponding cDNA was subsequently amplified by nested PCR using the same p40 and p24 primer pairs described above. PCR products of 392 bp (p24) were detected in the hippocampus, pons, cerebellum, and temporal lobe of P2 ( Fig. 2A) . PCR products of 225 bp (p40) were also readily detected by ethidium bromide staining in the pons and temporal lobe of P2 (Fig. 2B) . For unknown reasons, clear detection of genomederived p40 sequences in hippocampus and cerebellum of P2 required the use of Southern blot hybridization (results not shown). Together, these findings indicated that BDV genomic sequences were present in these brain regions.
Histopathological analysis of brain tissue from patient P2. Neuronal damage within the hippocampal region together with astrocytosis are characteristic histopathological findings in naturally and experimentally BDV-infected animals. Microscopy examination of hematoxylin-eosin-stained sections from different brain regions showed a mild cell infiltration, as well as chromatolysis of neuronal nuclei and satellitosis, especially around blood vessels in the hippocampus of P2 (data not shown). These histopathological findings were not observed in hippocampi from BDV RNA-negative patients and controls. Histopathological changes were not observed in any other P2 brain region examined, including the pons, cerebellum, and cerebral cortex, which were BDV RNA positive.
Cellular distribution of BDV markers in brain tissue from patient P2. With the aim of examining the cellular distribution of BDV in the brain of P2 and determining whether detection of BDV RNA correlated with the presence of viral antigen, we performed ISH and IHC studies. ISH using a BDV-p24 antisense riboprobe revealed positive cells in the hippocampus, pons, and cerebellum of P2 but not in the same brain regions of P1, used as a control (Fig. 3) . The cerebellum had the largest number of BDV-positive cells, followed by the hippocampus, whereas only very few positive cells were seen in the pons. The hybridization signal appeared to be located mainly in the nuclei of neurons. BDV RNA-positive neurons were found in hippocampal regions exhibiting immune cell infiltrates, but infiltrated cells did not show hybridization to BDV p24 antisense riboprobe. Eight other brain regions from P2 that were BDV negative by RT-PCR were also negative by ISH using a BDV p24 antisense riboprobe (Table 2 ). In addition, ISH results were negative for all brain regions analyzed from patient P1. ISH with a BDV p40 antisense riboprobe did not show positive cells in any of the brain regions examined from P1 and P2 (Table 2 ). In addition, no BDV RNA-positive cells were observed when the same brain regions were analyzed by ISH using BDV p40 or p24 sense riboprobes (Table 2 ). This finding suggested that only low levels of BDV genomic RNA species were present in these brain regions. BDV antigen was not detected in hippocampal sections from P1, the only other patient whose samples were analyzed by IHC.
To examine whether detection of BDV RNA in the hippocampus of P2 correlated with the presence of viral antigen, we conducted IHC studies using serum from BDV-infected mice. This serum recognizes BDV p40 (NP), p24 (P), and p16 (M) antigens in BDV-infected cells. BDV-specific immunoreactivity was detected in neurons and to a lesser extent also in astrocytes in the hippocampal formation of P2 (Fig. 4) .
Isolation of BDV from brain tissue from patient P2. We next investigated whether it was possible to isolate BDV from BDV-positive brain tissue samples from patient P2. For this purpose we employed a variety of experimental approaches. Our first approach consisted of the use of cell homogenates from the cerebellum and hippocampus of patient P2 to directly inoculate OL cells. OL is a human oligodendroglial cell line highly susceptible to BDV, which has been previously used for A total of 14 RNA samples (1, olfactory bulb; 2, frontal lobe of cerebral cortex; 3, temporal lobe of cerebral cortex; 4, occipital lobe of cerebral cortex; 5, hippocampus; 6, fornix; 7, hypophysis; 8, cingulate gyrus; 9, medial wall of the lateral ventricle; 10, pons; 11, cerebellum; 12, medulla oblongata; 13, blood; 14, CSF) prepared from patient P2 were subjected to RT with random hexamers followed by nested PCR using primers to amplify DNA fragments with predicted sizes of 392 and 225 bp, corresponding to p24 (A) and p40 (B) sequences, respectively. RNA from BDV-infected (ϩ) and uninfected (Ϫ) OL cells was used as positive and negative controls, respectively. (C) As a control for RNA quality, cDNAs were also amplified with specific primers to generate a 197-bp DNA fragment of the GAPDH housekeeping cellular gene. PCR products were resolved by agarose gel electrophoresis and visualized by staining with ethidium bromide (panels a). The specificity of the RT-PCR products was determined by Southern blot hybridization using 32 P-labeled probes corresponding to internal sequences of the PCR products (panels b). MW, size markers (X174 DNA HaeIII fragments). Fig. 1 , were reverse transcribed using a BDV-specific primer of antigenomic polarity and complementary to nucleotides 1 to 53. The resulting cDNA was amplified by nested PCR, using the same primers as in Fig. 1, to amplify p24 (A) and p40 (B) sequences. PCR products were resolved by agarose gel electrophoresis and visualized by staining with ethidium bromide. RNA from BDV-infected (ϩ) and uninfected (Ϫ) OL cells were used as positive and negative controls, respectively. M, size marker (X174 DNA HaeIII fragments).
FIG. 3.
Detection by ISH of BDV RNA in brain tissue from patient P2. Sections from the hippocampus (A), cerebellum (B), and pons (C) from P1 and P2, which were negative and positive for BDV p24 RNA (Fig. 1A) , respectively, were subjected to ISH using a BDV p24 antisense riboprobe. Magnification, ϫ558. RNAs from BDV-infected (ϩ) and uninfected (Ϫ) OL cells were used as positive and negative controls, respectively. PCR products were resolved by agarose gel electrophoresis and visualized by staining with ethidiume bromide (top). The specificity of the PCR products was determined by Southern blot hybridization using a 32 P-labeled probe corresponding to internal sequences of the PCR product (bottom).
extracted from several tissues was analyzed by RT-nested PCR combined with Southern blot hybridization to detect BDV p40. BDV RNA was detected only in brain and spinal cord tissue samples at 20 but not at 10 days postinoculation (Fig. 5A) . Cell homogenates prepared from BDV RNA-positive gerbil brains were used to attempt to perform subsequent i.c. passages in newborn gerbils of this human-derived BDV, designated BDVHuP2br. Gerbil brain and spinal cord tissues from the second and third passages were also positive for BDV RNA (Fig. 5B) . We next tried to isolate BDVHuP2br by inoculating OL cells with cell homogenates from the cerebrum, cerebellum, and spinal cord of BDV RNA-positive gerbils and subjecting these cells to serial passages in tissue culture. The appearance of BDV antigen in the inoculated OL cells was monitored by IF using a mouse monoclonal antibody to BDV p40. BDV-positive cells were detected only in OL cells that were inoculated with a cell homogenate from the gerbil cerebellum. BDV-positive OL cells were first detected 45 days after inoculation, and the numbers increased during serial passages, reaching more than 70% of the population at 100 days p.i. (Fig.  6) .
The rationale for the third approach used for the isolation of BDVHuP2br was based in our previous observation that the nuclei of BDV-infected cells contain relatively high levels of BDV RNP complexes that are infectious upon transfection into susceptible cells (9) . We used RNP isolated from BDVpositive brain tissues of P2 and gerbils to transfect Vero cells using procedures described previously (9) . Transfected cells were subcultured every 4 to 5 days, and expression of viral antigen was monitored by IF using a rabbit polyclonal serum to BDV NP and also serum from BDV-infected mice (Fig. 7) . We performed several independent isolation attempts, including five from P2 hippocampus, six from P2 cerebellum, and four each from P2 pons and cerebral cortex. BDV infectivity was successfully rescued once from the hippocampus and pons, twice from the cerebellum, and not at all from the cerebral cortex. Control experiments included transfection of Vero cells with RNP prepared from total brain of 12-week-old rats infected at birth with BDV He80 and mock-infected control rats. BDV infectivity was rescued from all three BDV chronically infected rats, whereas no infectivity was rescued from any of the three mock-infected control rats. In addition, RNP were prepared from BDV-positive gerbil cerebrum, cerebellum, and spinal cord tissues. Preparations of RNP from spinal cord tissue systematically exhibited high toxicity on Vero cells and could not be further analyzed by this assay. BDV infectivity was found in gerbil cerebellum in three out of four attempts, whereas two attempts to isolate it from gerbil cerebrum were unsuccessful.
Sequence analysis of BDVHuP2br. To molecularly characterize BDVHuP2br isolate and assess its relationship to BDV sequences previously reported from humans and naturally infected animals, we obtained partial sequences of p40 and p24 from BDVHuP2br. For this, we used RNA extracted from BDVHuP2br-infected OL cells to amplify BDV p40 and p24 sequences using RT-PCR procedures described above, followed by cloning and sequencing of the amplified PCR products. In addition, we cloned and sequenced BDV p40 and p24 PCR products directly derived from hippocampus, pons, and cerebral cortex tissues of P2. We sequenced four randomly selected clones of each cloned PCR product. Both BDV p40 and p24 consensus sequences obtained from BDVHuP2br-infected OL cells were identical to those directly derived from brain tissue of P2 (Fig. 8) . BDVHuP2br p40 and p24 sequences were genetically very closely related to BDV strains V and He80, both of which were originally derived from horses with BD. Nonetheless, within the 200 nt of the p40 and p24 segments sequenced, BDVHuP2br showed unique substitutions compared to strain V and He80 (7, 10) . Within p40, BDVHuP2br had four (2%) and three (1.5%) substitutions with respect to strains V and He80, respectively, whereas within p24, BDVHuP2br had five (2.5%) and three (1.5%) substitutions with respect to strains V and He80, respectively (Fig. 8) .
DISCUSSION
Serological data and molecular epidemiological studies indicate that BDV can infect humans and is possibly associated with certain neuropsychiatric illnesses (4, 6, 15, 21, 27-29, 37, 40, 43, 49, 50) . Moreover, several studies have reported the detection of BDV RNA in brain tissue collected at autopsy from patients with clinical records of mental disorders (12, 17, 18, 36, 42) . Consistent with these findings, we have documented here the detection of BDV RNA and antigen in brain tissue collected at autopsy from a schizophrenic patient. Our results showed evidence of a regionally localized distribution of BDV RNA, as well as possible differences in expression levels of BDV p40 and p24 mRNA in brain tissue from patient P2. We detected BDV RNA in only 4 of 12 different brain regions examined. This finding underscores the importance of examining several brain regions in studies aimed at investigating an association between persistence of BDV in the CNS and human mental disorders. As with other nonsegmented, negativestrand RNA viruses, the BDV NP is usually expressed at high levels in infected cells. Unexpectedly, however, BDV p24 but not p40 RNA sequences were detected in the hippocampus, cerebellum, and pons of patient P2 ( Fig. 1 and 3) . In contrast, p40 but not p24 RNA sequences were detected in the temporal lobe by RT-PCR. Levels of p40 in the temporal lobe appeared to be very low, which probably prevented its detection by ISH. These findings suggest that expression levels of p40 and p24 may be significantly different depending on the brain region. Nevertheless, we cannot rule out the possibility that differences in the sensitivity of RT-PCR and ISH procedures in detecting p40 and p24 also contributed to these results. As expected, BDV genome RNA was also detected in brain regions positive for p24 and p40 (Fig. 2) . Nevertheless, specific hybridization was not observed when ISH was performed with a p24 sense probe, suggesting that genome RNA was present only at very low levels in these brain regions. BDV antigen-expressing cells could be detected in the hippocampus, cerebellum, pons, and temporal lobe of patient P2. Expression levels of BDV antigen seemed to be very low based on the intensity of the immunoreactivity observed, with the exception of the hippocampus, which appeared to harbor a higher viral antigen load. Using tissue from patient P2, we succeeded in isolating for the first time BDV from the human brain. Several investigators have reported unsuccessful attempts to isolate BDV from brain tissue and CSF of individuals found to be BDV seropositive and having clinical symptoms compatible with a BDV infection (41) . It is worth noting that studies aimed at detecting and isolating BDV from the human brain have mainly included tissue collected at autopsy from elderly patients. In contrast, our investigation included samples from relatively young FIG. 7 . Replication of BDV in Vero cells upon transfection with RNP prepared from brain tissue from patient P2 or from gerbils inoculated with P2 brain tissue. (A) RNP were prepared from the indicated brain regions from patient P2 and from a gerbil inoculated with P2 brain tissue. RNP prepared from brain tissue of BDV-infected and mock-infected rats were used as positive and negative controls, respectively. Vero cells were transfected with the indicated RNP preparation as described in Materials and Methods. Expression of BDV antigen at passage 20 (p20) or 7 (p7) was detected by IF using a mouse polyclonal serum to BDV. (B) RNA was extracted from transfected cells and analyzed by Northern blot hybridization using a BDV NP-specific probe.
FIG. 8.
Comparison of p40 and p24 nucleotide sequences between BDVHubrP2 isolate and horse-derived BDV sequences. Total RNA extracted from OL cells persistently infected with the BDVHubrP2 isolate was amplified by RT-PCR using the p24 and p40 primers described in Materials and Methods. The PCR products were cloned, and four randomly selected clones of each PCR product were sequenced, as described in Materials and Methods. These clones were named OL. PCR products directly amplified from BDV genomic RNA present in the hippocampus (HI), pons (PO), cerebellum (CE), and cerebral cortex (temporal lobe) (CC) of patient P2 were also cloned and sequenced. The nucleotide sequences of p40 and p24 regions spanning nt 269 to 468 and 1573 to 1772, respectively, of four randomly selected clones for each individual PCR product are shown. The sequences of the corresponding p40 and p24 regions for three BDV horse isolates, strain V, He/80, and WT-1, are also shown. schizophrenic patients. The natural course of BDV infection in humans is unknown. It is conceivable that an infection with BDV early in life could influence the onset and/or clinical course of certain neuropsychiatric disorders. However, many years later, histopathological signs of virus infection in brain may be absent and the BDV load in brain may be greatly decreased, making virus detection and isolation difficult. Autopsy data indicate that inflammatory changes in the brain are rarely associated with schizophrenia and bipolar disorders (51) . We observed mild inflammatory changes in the hippocampus of patient P2. It is plausible that this case provided us with the rare opportunity of examining a very early phase of BDV infection in humans. Immunocompetent adult rats infected (i.c) with BDV usually develop an immune systemmediated CNS disease with a clinical and histopathological picture very similar to that described for animals with naturally acquired BD (38) . The extensive inflammatory reaction associated with BD leads to significant neuronal destruction. In contrast, and interestingly, only subtle and fleeting inflammatory changes can be seen in the brain parenchyma of rats chronically infected with BDV since birth, although the animals exhibit neurobehavioral and neurochemical abnormalities (3, 14, 15, 25) .
We first unsuccessfully attempted to isolate BDV by direct inoculation of OL cells with brain homogenates from P2. Isolation of several neurotropic viruses which grow poorly in cultured cells can be facilitated by the use of passages in laboratory animals. Gerbils have been used for the isolation of a variety of neurotropic viruses (1, 22, 47) . Moreover, we have documented that newborn gerbils are highly susceptible to experimental infection with BDV (35) . Newborn gerbils inoculated with hippocampus or cerebellum homogenates prepared from P2 brain tissue harbored BDV RNA in their brains and spinal cords. This human-derived BDV (BDVHuP2br) isolate could be serially passed in newborn gerbil brain and rescued by inoculating OL cells with cerebellum homogenates from BDV-positive gerbils. We could also rescue BDVHuP2br by transfecting Vero cells with BDV RNP prepared from the cerebellum of BDV-positive gerbils. BDV was found to be present in the cerebrum of newborn gerbils inoculated with BDV derived from persistently infected MDCK cells (MDCK/ BDV) (35) . However, we were unable to rescue BDVHuP2br from the cerebrum of BDV-positive gerbils. It is possible that MDCK/BDV and BDVHuP2br exhibit differences in their ability to replicate and propagate in gerbil brain. BDVHuP2br could be rescued, although at very low efficiency, by transfection of Vero cells with RNP prepared from the hippocampus, cerebellum, and pons of patient P2. The amount of purified RNP that we used to transfect Vero cells corresponded to approximately 1 ml of a 10% (wt/vol) brain cell homogenate. This represented about 50 times more than the maximum amount of brain cell homogenate used to inoculate OL cells without causing significant cytoxicity. These results suggest that levels of infectious BDV present in the brain of patient P2 were below those suitable for direct isolation by infection of OL cells but could be amplified by passages in gerbil brain. We cannot rule out the possibility that during its replication in gerbil brain, BDVHuP2br acquired mutations, conferring on it an increased ability to replicate in OL cells. Based on our findings, it seems reasonable to propose the use of passages in newborn gerbil brain to attempt virus isolation from human brain tissue suspected of harboring a BDV infection. It is worth noting that experimentally infected horses also exhibit a region-localized CNS expression of BDV and that virus isolation from infected horse brain tissue was difficult (26) .
Both partial BDV p40 and p24 consensus sequences obtained from BDVHuP2br-infected OL cells were identical to those directly derived from brain tissue of P2. This, however, does not rule out the possibility that the BDVHuP2br isolate may differ in other positions with respect to the virus present in the brain of P2. Consistent with previous reports, the BDVHuP2br isolate exhibited a high degree of sequence conservation compared to BDV sequences derived from naturally infected animals of different species and also those derived from human PBMC. Nonetheless, BDVHuP2br had unique substitutions in both p40 and p24. It is worth noting that a single amino acid change can be responsible for drastically altered virus phenotypes, including changes in tropism and pathogenicity (13, 24) . It remains to be determined whether BDVHuP2br exhibits biological properties different from those described for characterized animal isolates. The source of BDV and routes for human infection are unknown. Infected blood cells, both lymphocytes and macrophages, are thought to facilitate access to the CNS by several neurotropic viruses. BDV RNA has been detected in human PBMC, raising concern about whether BDV can be transmitted by blood products. These findings, however, remain highly controversial due to conflicting results obtained by different investigators. In a recent report it has been proposed that the granulocyte fraction, rather than PBMC, harbors BDV in human blood (39) . Various degrees of contaminating granulocytes present in PBMC preparations could explain discrepancies in BDV detection in blood. BDV-infected granulocytes in blood, although present at very low frequency, could reach the CNS and initiate the establishment of a long-term chronic infection in the CNS.
Persistent virus infections of the CNS can cause slowly progressive neurological disorders associated with diverse pathological manifestations (13, 32, 33, 48, 51) . This observation, together with epidemiological data and clinical findings, has led to the proposal that viruses can contribute to a variety of neurological diseases. Therefore, there is much interest in identifying potential viral culprits. The findings reported here add strength to the hypothesis that BDV might represent one of the environmental cofactors known to contribute to neuropsychiatric disorders whose etiologies remain elusive.
